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Strongylocentrotus purpuratus, a major research model in developmental molecular biology, has been inbred through six
generations of sibling matings. Though viability initially decreased, as described earlier, the inbred line now consists of
healthy, fertile animals. These are intended to serve as a genomic resource in which the level of polymorphism is decreased
with respect to wild S. purpuratus. To genotype the inbred animals eight simple sequence genomic repeats were isolated,
in context, and PCR primers were generated against the flanking single-copy sequences. Distribution and polymorphism of
these regions of the genome were studied in the genomes of 27 wild individuals and in a sample of the inbred animals at
F2 and F3 generations. All eight regions were polymorphic, though to different extents, and their homozygosity was
increased by inbreeding as expected. The eight markers suffice to identify unambiguously the cellular DNA of any wild or
F3 S. purpuratus individual. © 1999 Academic PressINTRODUCTION
Strongylocentrotus purpuratus, the common purple sea
urchin of the west coast of the United States, has become a
heavily used research model in many areas of bioscience,
including developmental and cell biology, reproductive
biology, and evolutionary biology. This species is particu-
larly prominent in regulatory studies carried out by gene
transfer and in biochemical analyses of embryological pro-
cesses (see review by Davidson et al., 1998). Together with
one or two other species of sea urchin, S. purpuratus now
provides most of our mechanistic knowledge of develop-
ment in nonchordate deuterostomes. The molecular focus
of research on S. purpuratus dates back to the 1960s
(reviewed by Davidson, 1968, 1986), and concomitantly
there has been a long-standing interest in the character of
its genome. Genomic studies on S. purpuratus can be said
to have begun with the thorough renaturation and sequence
interspersion analysis of Graham et al. (1974). A catalogue
of cloned repetitive sequence elements isolated from S.
purpuratus DNA was then assembled in the early 1980s,
and much information was obtained on their complexity
and frequency of occurrence (Moore et al., 1978; Scheller et
al., 1977; Eden et al., 1977; Klein et al., 1979). Extensive
measurements on the complexity of single-copy DNA se-
quence representation in mRNA and nuclear RNA popula-
tions, mainly in embryos, were also carried out (reviewed
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.by Davidson, 1986) and these have provided a basis for
consideration of gene number and for quantitative complex-
ity of expression of the S. purpuratus genome. Recently an
S. purpuratus genome project was initiated (under the aegis
of the Stowers Institute for Medical Research). This project,
which will also include some work on other sea urchin
species, is designed to provide: (i) tags of known sequence
every 20 kb or so, obtained by sequencing the ends of
overlapping BAC clones (Rowen et al., 1997), which can be
formed into an ordered contig in any desired gene region; (ii)
nucleotide sequence of several large and interesting regions
of the S. purpuratus genome, e.g., the Hox gene complex
(Martinez et al., 1997); (iii) arrayed cDNA libraries repre-
senting many stages of development in S. purpuratus and
particular cell types and tissues; and (iv) various S. purpu-
ratus EST data bases.
A particular feature of the S. purpuratus genome that
distinguishes it from chordate genomes is its very high
sequence polymorphism. This exceeds levels so far reported
for any other metazoan. An initial analysis of single-copy
nuclear DNA by its melting behavior indicated that 4–5%
of base pairs differ between any two haploid S. purpuratus
genomes (Britten et al., 1978; Grula et al., 1982; reviewed in
Britten, 1986). In comparison, the mouse displays only
0.5% sequence variation and rough estimates place the
value for humans at about 0.3–0.4% (Britten, 1986). Fur-
thermore, the variation between S. purpuratus genomes
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256 Cameron et al.appears to be distributed throughout the population, so that
S. purpuratus individuals obtained from Point Loma, San
iego, differ from each other as much as they do from an
ndividual obtained from Vancouver, British Columbia
Britten et al., 1978). The high degree of sequence variation
literally implies that 30–40 3 106 nucleotides differ, on the
average, between any two S. purpuratus genomes. The
TABLE 1
Restriction Fragment Length Polymorphism in Strongylocentrotus
Probe Individuals Enzyme
Number of occurre
of bands of given s
yI39 3 HindIII 3,1,1,1
yI39 6 BglII 9,1,1,1
yII39 3 BglII 2,1,1,1,1
yII39 6 BglII 6,2,1,1,1,1
CyIIb39 3 BglII 2,1,1,1,1
CyIIIa59 6 BglII 5,3,1,1,1,1
CyIIIa–IIIb 6 BglII 9,2,1
M39 6 BglII 11,1
SM50 5 EcoRI–BamHI 6,2,1,1
Bindin 4 HindIII 3,2,1,1,1
MHC 5 HindIII 5,2,3
10HB 6 HindIII 5,2,1,1,1,1,1
16pB 6 HindIII 3,2,2,2,1,1,1
10HB 6 EcoRI 4,2,1,1,1,1,1
16pB 6 EcoRI 4,2,2,1,1,1,1
pG6 7 EcoRI 7,5,1,1
pG6 8 BamHI 9,3,2,1,1
pG6 8 HindIII 9,4,3
Spec3ax 4 EcoRI–XbaI 5,2,1
Spec3xa 4 EcoRI–XbaI 6,1,1
Tub-b1 2 HindIII 2,1,1
Tub-b1 2 EcoRI 3,1
Spec1 4 BamHI–KpnI 6,2
L1 H2B 4 BglII 2,2,1,1,1
CyI 1 12 BglII 18,3,1,1,1
CyI 2 8 BglII 11,2,1,1,1
Bindin 1 9 BglII 14,3,1
Bindin 2 13 BglII 21,3,1,1
M-actin 1 10 BglII 18,2
M-actin 2 10 BglII 20
Averageb
a DNA from approximately 10 individuals from each of two pop
f Point Conception, California, were assayed for three single-gene p
BglII).
b Using the value from melting curves (Britten, 1986) of 4.5% sin
s held in common between two haploid genomes is (1-p)3s 5 (0.95
0.955 is the probability that in any two genomes a nucleotide at a g
Li, 1979). That is, for any two genomes the restriction fragment wi
and the site at the right-hand end is unchanged (0.95)6, and, since
is a roughly equal probability that divergence will have created a ne
f finding homozygosity. Therefore the heterozygosity expected
xpected for RFLP analysis using restriction enzymes that recogni
greement.extensive polymorphism indicates that the gene pool con-
stituting this species has been very large, i.e., without any
Copyright © 1999 by Academic Press. All rightpopulation bottlenecks, for a long time (Palumbi and Wil-
son, 1990; reviewed in Britten, 1986).
Genomic variation has also been estimated from restric-
tion fragment length polymorphisms using single open
reading frame probes. One compilation of data that consists
of 24 restriction enzyme–probe combinations is summa-
rized in Table 1. Among the genes included are five cy-
uratus
Heterozygosity Reference
0.70 Lee et al., 1984
0.42 Minor et al., 1988
0.78 Lee et al., 1984
0.69 Minor et al., 1988
0.78 Lee et al., 1984
0.74 Minor et al., 1988
0.40 Minor et al., 1988
0.15 Minor et al., 1988
0.58 Sucov et al., 1988
0.75 Gao et al., 1986
0.67 Rose et al., 1987
0.76 Posakony et al., 1983
0.83 Posakony et al., 1983
0.82 Posakony et al., 1983
0.81 Posakony et al., 1983
0.61 S. Johnson and R. Britten, unpub. data
0.51 S. Johnson and R. Britten, unpub. data
0.46 S. Johnson and R. Britten, unpub. data
0.53 Eldon et al., 1987
0.40 Eldon et al., 1987
0.63 Harlow and Nemer, 1987
0.38 Harlow and Nemer, 1987
0.38 Hardin et al., 1985
0.83 Mohun et al., 1985
0.42 R. Cameron and E. Davidson, unpub. dataa
0.50 R. Cameron and E. Davidson, unpub. dataa
0.37 R. Cameron and E. Davidson, unpub. dataa
0.33 R. Cameron and E. Davidson, unpub. dataa
0.18 R. Cameron and E. Davidson, unpub. dataa
0.00 R. Cameron and E. Davidson, unpub. dataa
0.55
ons, one in the Southern California Bight and the other just north
s (CyI; M-actin, 39UT; and bindin) using a single restriction enzyme
py genomic variation of the approximate probability that a morph
0.44, where s is the number of bases in a restriction site, here 6;
position will be the same, and p is the sequence diversity (Nei and
of the same size if the site at the left-hand end is the same (0.955)6
sites are on average the mean distance apart for such sites, there
e between the initial two (i.e., 0.955)6. (1-p)3s is thus the probability
(1-p)3s for 4.5% polymorphism in the DNA; the heterozygosity
x nucleotide sites is 0.56. The table yields 0.55, in almost perfectpurp
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is 1-toskeletal actin genes, a muscle actin gene, a major spicule
matrix protein gene, the bindin gene, a single-copy region of
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257Sea Urchin Microsatellite Locia maternal transcript with interspersed repeats, a calcium
binding protein gene, a b-tubulin gene, and a single-copy
histone gene. The heterozygosity of these genes, as calcu-
lated by the standard formula, H 5 1 2 S(ci)2 (where ci
indicates the frequency of specific sequence variants), var-
ies between 0.15 and 0.83. The mean value for the heterozy-
gosity is 0.55. This agrees well with that calculated from
the polymorphism measured from single-copy DNA melt-
ing curves (Britten et al., 1978; see below).
In this paper we describe an inbred line of S. purpuratus
(see Leahy et al., 1994, for initial description). The inbred
line was constructed to provide a less polymorphic, geno-
typed, genome resource. We began this line of animals with
a single pair of siblings whose offspring were subsequently
line bred (e.g., brother–sister mated) through an additional
four generations, resulting in F2 through F6 generations. For
use as genotypic markers we have identified and character-
ized genomic microsatellites, the distribution of which we
have now determined both in randomly collected individu-
als and in our inbred line.
MATERIALS AND METHODS
Individual DNA Samples
DNA was prepared from sea urchin sperm by the method of Lee
et al. (1984). This procedure was adapted for small volumes of
sperm DNA as follows: About 50 ml of fresh sperm was suspended
n 600 ml of 20 mM NaCl, 50 mM Tris 8, and 20 mM EDTA. The
solution was adjusted to 600 mg/ml in proteinase K and 5% in SDS
and incubated at 65°C for 1 h, then at 37°C overnight. The
proteinase K concentration was increased to 1200 mg/ml, and the
mixture was incubated at 65°C for 1 h. The DNA solution was
extracted once with phenol, then with chloroform twice at 8-h
intervals with mild agitation. The resultant aqueous phase was
adjusted to 500 ml with 40 mM NaCl, 10 mM Tris 8, 1 mM EDTA
nd precipitated with ethanol, resuspended, and digested with 20
mg/ml RNase A.
DNA was isolated from 105–106 sea urchin coelomocytes using a
enaturing buffer. Coelomocytes were obtained by withdrawing
00 ml of coelomic fluid into a syringe with an equal volume of
calcium, magnesium-free seawater plus 20 mM EDTA. The cells
were pelleted in a microfuge, decanted, and quick frozen at 270°C.
The pellets were resuspended without thawing in 100 mM NaOAc,
pH 5.5, 20 mM EDTA, 30 mM EGTA, 1% N-laurylsarcosine, and 7
M urea. Proteinase K was added to a concentration of 50 mg/ml and
he mixture was incubated for several hours at 37°C; proteinase K
as added to a final concentration of 100 mg/ml and incubated
overnight at 37°C. The digested DNA solution was extracted with
phenol, then with chloroform twice with mild agitation. The DNA
was passed through two cycles of precipitation with 2-propanol and
resuspended in 10 mM Tris, pH 8.0, and 1 mM EDTA.
Identification and Characterization
of Microsatellite Loci
A genomic library from sperm of a single individual was prepared
in the Lambda ZAP vector (Stratagene, San Diego, CA). The library
was screened with either (GA)15 or (CT)15 oligonucleotide probes.
Copyright © 1999 by Academic Press. All righthage positive for both probes were identified, digested with XbaI
nd BamHI, and transferred to nylon membranes. The blots were
robed with the same repeat sequence probes and positive bands
hus identified were eluted from preparative agarose gels. The
luted bands were digested with Sau3aI and randomly subcloned in
luescript SK(1) (Stratagene). Inserts in the range of 300–1000 bp
ere sequenced, using the T3 and T7 primers in the Bluescript
lasmid. The DNA sequence thus identified was analyzed with the
RIMER program (Lincoln et al., 1991) to produce matched sets of
rimers for polymerase chain reaction (PCR).
Two loci used in this project were identified in the course of
ther investigations. Locus 002 was originally sequenced as part of
n EST project undertaken to identify cDNAs expressed in acti-
ated sea urchin coelomocytes (Smith et al., 1996). The fragment
rom which this locus was recovered did not contain an open
eading frame. The other locus, S4, was found in a cDNA that
ncodes the transcription factor P3A2 (Anderson, 1996).
Measurement of Microsatellite Loci
in Genomic DNA
PCRs were run using the following program: 5 min at 94°C and
25 cycles of 94°C for 30 s, annealing at 55°C for 30 s, extension at
72°C for 1 min. The annealing temperature was sometimes re-
duced, but never to less than 51°C. Polymerase chain reactions
were assembled in 25-ml reaction mixtures containing 10 mM
ris–HCl, pH 8.3, 50 mM KCl, 1.8 mM MgCl2, 0.001% gelatin, 150
mM dNTP’s, 1 mM each primer, and 1.25 units of Taq polymerase.
The amount of genomic template DNA varied from 100 to 500 ng
per reaction. Control templates of plasmid DNA containing the
fragment used to sequence the microsatellite were used at concen-
tration of 0.1 to 1 ng per reaction.
The PCR products were separated on a 4% polyacrylamide gel in
TBE. A 100-bp ladder was included in each lane as an internal
standard. Several lanes containing both the 100-bp marker and a
50-bp marker were run on each gel as well. After running for
approximately 3 h, gels were stained with 1 mg of ethidium bromide
to identify the bands. Stained gels were photographed on Polaroid
667 film and photographic records were scanned to produce digital
images. The digital image files were measured using the Meta-
morph imaging package (Universal Imaging). Band length was
estimated by interpolation of linear regressions calculated from the
bands visible in the same gel in the internal standard lanes. These
interpolations provided a precision of 61.5 bp for lengths #120 bp
and up to 63 bp for greater lengths. Calculated band lengths that
differed from one another by less than these ranges of imprecision
were binned and considered single, discrete alleles. Most alleles
were separated from their nearest neighbors by obvious gaps in the
band patterns.
RESULTS
Inbred Lines
We report here an inbred line of S. purpuratus that has
now been carried through seven generations of inbreeding
by sibling matings carried out over a number of years. The
F2 and F3 generations of this line were described earlier in
a study on the incidence of developmental defects produced
by inbreeding (Leahy et al., 1994). As indicated in the
diagram shown in Fig. 1, several sublineages have been
s of reproduction in any form reserved.
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258 Cameron et al.generated, and except for those animals indicated within
parentheses in Fig. 1, all F2, F3, F4, F5, and F6 individuals
FIG. 1. Pedigree for an inbred line of S. purpuratus. The original
adults from Pt. Loma, California, which were of unknown age exce
F1 pair are now dead, due to a culture system malfunction (deceased
of the F2 and F3 generation remain in our culture system as well
produced an F7 generation that is still in the juvenile stage.remain alive and healthy. Though we observed a very high
frequency of developmental larval stage lethality in the F2
l
t
Copyright © 1999 by Academic Press. All rightnd F3 generations (Leahy et al., 1994), anecdotal observa-
ions suggest that, as expected, many of the recessive
ts were crossed in 1988. These were wild individuals obtained as
t they were certainly .4 years. These individuals and the parental
viduals are indicated with parentheses). However, most individuals
hose of all subsequent generations. The last cross, made in 1998,paren
pt tha
indiethals included in the parent genomes were removed from
he inbred populations in the initial two sibling matings,
s of reproduction in any form reserved.
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259Sea Urchin Microsatellite Lociand subsequent matings (i.e., of healthy adult siblings of F3,
F4, and F5 generations) have produced more nearly typical
fractions of viable larvae. Many of the inbred animals tend
to grow more slowly and to require longer periods to attain
sexual maturity, however. Nonetheless, even fifth and sixth
generation populations are easily cultured and can be kept
in small enclosures in our sea urchin maintenance system
(Leahy et al., 1981) for long periods of time (note dates in
Fig. 1). These are the first extensively inbred lines of S.
urpuratus that have been constructed, and their availabil-
ty opens many new research opportunities, as we discuss
elow. While we maintain only a modest number of ani-
als of each generation (Fig. 1), the number of gametes that
ach can produce is more than sufficient for many kinds of
mbryological studies. To obtain genomic markers for use
n such studies, as well as for more general purposes, we
eveloped a series of microsatellite probes for S. purpuratus
enomic DNA.
Microsatellite Probe Set
Six microsatellite sequences which had been identified in
a screen of a l genomic library using (CT)15 and (GA)15
probes were characterized. The region surrounding each
repeat was subcloned into plasmid vectors and sequenced
from both ends, so that a sequence overlap including the
microsatellite was obtained. Two other microsatellites had
been revealed in previous sequencing projects. Of these
eight microsatellites, five were simple GA repeats of 10–14
iterations (Table 2). The most complex core sequence
included stretches of 11 and 12 tandem GA repeats inter-
TABLE 2
Microsatellite Sequences
Locus
Size
range
Allele
number Core seque
S4 354–415 10 [GA]11
002 349–372 12 [GA]11[CAGA]3[GA]6CA[G
[GA]6G[GA]12NT20[GA]
H3 198–202 5 [GA]11AA[GA]6NT7[GA]5
B7 90–108 10 [GA]14
4H12 206–217 12 [GA]12
710 160–177 11 [GA]10
14_6 114–126 6 [GA]14
16_11 168–169 8 [GA]8GG[GA]10GG[GA]3Gspersed with 4-nucleotide repeats and other sequences up to
20 bp in length (locus 002). Two core sequences of interme-
Copyright © 1999 by Academic Press. All rightiate complexity (H3 and 16_11) contain three or four tracts
f GA repeats with several tracts of intervening nucleo-
ides. External primer sequences matched in Tm were cho-
en on the basis of the sequences surrounding the repeats.
hese primers were used to amplify the corresponding
egions of the genomic DNAs of the experimental animals;
he exact length of each PCR product depends on the
umber of GA repeats included in that fragment, thus
roviding an allelic signature for each haploid genome
Weber and May, 1989). The set of eight primers utilized in
his study produces PCR fragments that varied in length
rom 90–108 bp for the shortest locus to 354–415 bp for the
ongest, i.e., due to polymorphism in the population.
The fragment sizes were estimated from digital images of
thidium bromide-stained polyacrylamide gels, using as
arkers internal standards of known size. When optimized,
ur PCR conditions usually yielded only one or two bands
f equal, high intensity. Any additional bands of lower
ntensity were disregarded. Digital scanning of the gel
hotographs aided in eliminating these spurious bands in
hat line scans of the low-intensity bands displayed a
haracteristic gradual change in slope at the edges of the
ands (data not shown). Band sizes were assigned on the
asis of linear interpolations in the length vs migration
urves constructed for the nearby marker lanes in the same
els (see Materials and Methods), and in all cases the r
alues for these linear regressions were high (0.8–0.99).
Genotype Frequencies among Wild-Type Animals
Twenty-seven sea urchins taken either from field collec-
Primer sequence
F: 59 AATGGGCGTTACATCTCCAG 39
R: 59 AGACTCGCAAATCAAATGTGC 39
T7[GA]3NT2
GA]3[GA]4
F: 59 TCTTGCCTGAATGTGCAGAC 39
R: 59 AAAAGGCCAAAATTTAAAACCC 39
F: 59 TGGGACATTTTTTCTGACCC 39
F: 59 TCAGTTAACAAGGGCATCAGG 39
F: 59 GAGACAGAGGAAAGGGGGAG 39
R: 59 TTCCCCGCTAAATCTCCC 39
F: 59 TGCTGCATAGTTCATTACCCC 39
R: 59 CTTGTTCGTTTTCTCATCCTCC 39
F: 59 GGGCTCTTGGTGATTCGTTA 39
R: 59 GGCAACTGTATTACGCCCTC 39
F: 59 GACTGTTTCCTCCTTTCACCC 39
R: 59 ATACAAAAAAACGCAATCCCC 39
9 F: 59 GATCATTATGGATAGGGGAAGG 39
R: 59 AGCCTCGACACAAATCGC 39nce
A]4N
12[CA
[GA]tions or from first generation crosses of unrelated animals
maintained in our culture system, apart from the inbred
s of reproduction in any form reserved.
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260 Cameron et al.line, were genotyped by microsatellite PCR. These were all
males, except for several which are hermaphroditic indi-
viduals maintained in the breeding colony. The DNA
source was sperm, which is easily collected and stored. The
behavior of each of the PCR primer pairs in this heteroge-
neous population is reported in detail in Table 3. Several of
the primer pairs amplified a measurable fragment from
most of the individuals, viz. primers 7_10, 4H12, and S4.
These are all simple dinucleotide repeats of 10, 12, and 11
units, respectively. Other primer pairs were less often
useful, in that they failed to amplify in some of the DNAs,
e.g., B7, 14_6, and 16_11. There is no correlation between
the frequency of successful amplification and the complex-
ity of the repeat, as shown, e.g., by the excellent perfor-
mance of the 002 primer pair, which brackets the most
complex repeat. Different primer pairs sample genomic
regions that vary considerably in polymorphism, just as do
different restriction sites (Tables 1 and 2). Thus, in this set
TABLE 3
Microsatellite Allele Frequencies among Randomly Collected Indi
Primer pairs:b S4 002 H
Individual
Jeffrey 1 F/G D/
Wilt 2 E/
wt 3 B/D I/I D/
wt 2 4 D/
wt A 5 D/D B/B C/
wt B 6 F/F C/J A/
wt H 7 E/E D/
wt M 8 E/F H/K D/
wt S 9 G/G B/G C/
wt Z 10 E/E C/
wt George 11 F/G B/
wt Harvey 12 G/J E/E
wt Jack 13 B/B A/E
Ephibe 14 D/D
Lysander 15 I/J C/D
Maecenus 16 E/F D/F
P2 17 G/G D/
sws herm.M 18 B/I C/D D/
sws 6 19 F/F
Sapphocles 20 F/F D/
Fo V 22 C/C D/D
Fo VI 23 C/H C/C D/
XII 24 A/J
.007 25 F/L
X-8 26 D/
F2 27 G/J
Number of alleles 10 12
% homozygosityc 45% (53) (9
a A given fragment size allele obtained with a given primer pair
b See Table 2. For parentheses see text.
c Mean homozygosity is 71%, or mean heterozygosity 29%of 27 animals the number of alleles at the different micro-
satellite loci ranged from 5 to 12, and the homozygosity
t
s
Copyright © 1999 by Academic Press. All rightaried from a low value of 33% for B7 to 100% for 16_11
Table 3).
The pattern of results shown in Table 3 indicates that
ailure to amplify a marker region is likely to be a function
f given alleles, rather than of whether the DNA of a given
ndividual is chemically clean. Thus every DNA amplifies
ome of the markers. Probably these differences in amplifi-
ation efficiency reflect the probability of single-base poly-
orphisms near the termini of the primer sequences, which
re single copy at the PCR criterion applied (i.e., since they
roduce single bands per allele). Such polymorphism is not
negligible consideration in S. purpuratus DNA, given the
igh interspecific variation in single-copy noncoding DNA
equence (see Introduction). Since failure to amplify is
llele-specific, a marker that resides in a region where many
mplification-inhibiting polymorphisms exist (so that often
either allele amplifies, as for example seen with primer
airs 002, H3, 14_6, and 16_11) will also display an artifac-
lsa
B7 4H12 7_10 14_6 16_11
E/E
A/E K/K
E/I E/E E/E
C/H J/J B/B F/F
D/D G/G
E/E I/I
K/K H/H
F/J E/E G/G B/B G/G
C/C F/F B/B
A/D B/I D/D
D/D D/D J/J E/E
A/J
E/G F/F B/B
E/E E/E E/G
D/D F/F H/H A/A F/F
C/F F/F D/D
E/E L/L D/F A/D C/C
B/D E/E H/H A/A F/F
C/F D/D
C/C C/H E/E A/A
A/F D/D A/C C/C
C/C E/E B/B B/B
C/C A/C F/F D/D
D/G H/H C/C
E/H F/F
B/E D/D C/C
10 11 11 6 7
(33) 80 83 (78) (100)
dicated by a capital letter.vidua
3
D
E
D
D
C
C
D
D
C
C
B
D
D
D
D
D
5
4)
is inually high frequency of single-allele amplifications. The
ingle bands produced by these individuals cannot be dis-
s of reproduction in any form reserved.
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261Sea Urchin Microsatellite Locitinguished from those produced by homozygous individu-
als. Therefore the homozygosity values shown in parenthe-
ses in Table 3 for those primer pairs that display decreased
amplification efficiencies are not as reliable as for those in
which almost all the DNAs amplify.
Genotype Frequencies for the Inbred Line
No more than four alleles are expected at any locus for an
inbred line started from a sibling mating. Genomic DNA
obtained from a representative sample of F2 and F3 indi-
viduals from the inbred line was challenged with all eight
primer pairs. An example of these measurements is repro-
duced in Fig. 2, and the results for the whole set are detailed
in Table 4. Loci H3 and 16_11, as discussed above, are
largely homozygous in any case, and thus inbreeding cannot
make them more so. The founding sibling pair may have
had only allele F of locus 16_11 and only alleles C and D of
locus H3. Too few of the samples amplified properly with
the primer pair 002 to yield informative results. However,
at loci S4, B7, and 7_10 the effect of inbreeding can be seen
in the decrease of allelic complexity. Thus there are four S4
alleles still present in the F2 generation, but allele F was
evidently absent from the parents of the F3 generation (now
unfortunately deceased; see Fig. 1). Similarly there were
four alleles of locus B7 present in the F2 generation, of
which these parents evidently possessed only three, as
allele F is missing in the F3 generation. The F2 generation
possessed three alleles of locus 7_10, and the parents of the
F3 generation were again missing one of these, allele C. In
general the results in Table 4 are as expected. We note,
FIG. 2. A representative polyacrylamide gel showing the separa
members of the inbred line at the microsatellite locus 710. Individu
for these individuals lie between the 100- and the 200-bp markershowever, that our major objective in the experiments of
Table 4 was simply to indicate the specific genotypes that
Copyright © 1999 by Academic Press. All rightere resident in the inbred line at the F3 level, so that the
enomes of these animals, or their descendants, can be
xactly identified in the PCR machine. For these, as for wild
. purpuratus, the combination of alleles present with
everal of the markers provides an exact identification of
ach individual DNA.
DISCUSSION
We have defined and characterized eight loci that include
unique microsatellite sequences in the genome of S. purpu-
ratus. These were obtained from a genomic DNA library or
as by-products of other sequencing projects. The microsat-
ellite sequences vary in complexity, from simple (GA)
repeats to more complex assemblages. Most of these loci are
highly polymorphic, such that the number of alleles that we
observed in 27 diploid genomes sampled from field collec-
tions ranged from 5 to 12 per locus. The average heterozy-
gosity in this set of measurements was 29%. If for the
reasons cited earlier we consider the heterozygosity to be
accurately estimated only when almost all samples ampli-
fied (i.e., S4, 4H12, and 7_10; Table 3), the average heterozy-
gosity is 31%, compared to earlier estimates of about 55%
heterozygosity, on the basis of both restriction fragment
polymorphism (Table 1) and total single-copy sequence
polymorphism (see Introduction for references).
The utility of this work extends in two different direc-
tions. In combination, the microsatellite markers suffice to
unequivocally identify any S. purpuratus genome, since
with respect to the test loci the DNA of S. purpuratus is
PCR products and size markers used to estimate allele sizes in
ntities and size markers (m) are indicated across the top. Band sizestedsufficiently polymorphic to provide a robust allelic “finger-
print” for each genome. This is illustrated in samples of
s of reproduction in any form reserved.
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262 Cameron et al.over 27 individual wild-type sea urchins (Table 3): a pair-
wise comparison reveals that no two of these individuals
display the same set of PCR length alleles. Although given
loci often fail to amplify from given DNAs, all of the
genomic DNAs that were tested yielded at least three
measurable PCR fragments from the eight primer sets, and
most yielded a larger number.
One large area in which this set of markers will be of use
is for studies of the population genetics of S. purpuratus. It
remains an open issue whether the pelagic larvae of this
species result in a truly panmyctic genetic population
structure (see Palumbi and Wilson, 1990, and Edmands et
al., 1996 for discussion). Application of these (or perhaps
other less polymorphic microsatellite markers such as tri-
or tetranucleotide repeats) will clearly provide a more
accurate, extensive, and accessible data set than, e.g., does
restriction polymorphism. Furthermore, the use of PCR for
the analysis makes it possible to genotype individual larvae,
so as to approach questions such as larval settling patterns.
TABLE 4
Microsatellite Allele Frequencies among Individuals of the F2 and
Loci: S4 002 H3
Individualsa
F2
Q D/D
R I/J D/D
S F/F D/I D/D
T B/F D/D
U F/J
5
13 F/J
14
18
20 F/J
24 F/F C/C
26
F3
Herm. I/J
A I/J
B B/J
C I/J C/C
D I/I D/D
E I/J
G C/C D/D
J C/C
K B/I D/D
L I/I C/C
8 B/I
Number of F2 alleles 4 2 2
Number of F3 alleles 3 2 1
% F2 homozygosity 28 50 75
% F3 homozygosity 22 100 100
a Numbers indicate females and letters indicate males; see Fig. 1It should be emphasized that a great many more sequenced
regions that contain simple sequence repeats are coming
Copyright © 1999 by Academic Press. All rightnline as a result of the S. purpuratus genome project
mentioned in the Introduction. Thus virtually any kind of
population genetics study of this species that can be carried
out with polymorphic microsatellite markers of this nature
will now be accessible.
The second general area of research in which the poly-
morphic simple sequence repeat markers and the inbred S.
purpuratus line that we describe will be very useful is the
mechanistic molecular and cell biology for which S. purpu-
ratus has already provided so many experimental advan-
tages. A few examples will suffice: (i) Though it remains
unclear to what extent the genomic polymorphism that is
characteristic of this species is reflected in functional
polymorphism (as opposed to merely neutral changes in
noncoding and nonregulatory sequences or in third-base
codon sequences), it would obviously be desirable to carry
out any precise quantitative measurements, whether phys-
iological, biochemical, or molecular, on a defined inbred
strain. The inbred line represents a large step in the direc-
enerations of the Inbred Line
B7 4H12 710 14_6 16_11
B/F F/F H/H A/B
B/H F/F E/E A/B F/F
B/B E/E C/H F/F
B/D F/F E/E
F/F E/E A/B
F/F H/H
F/F H/H A/A
E/E E/E A/B
C/H A/B F/F
F/F
D/D H/H A/A F/F
D/D F/F H/H A/A F/F
E/E H/H A/A F/F
B/D E/F H/H A/A F/F
D/H E/F A/A F/F
E/F E/E A/A
D/D F/F E/E A/A F/F
D/D H/H A/A F/F
E/F E/E A/A
D/D F/F H/H A/B F/F
D/D E/E E/E A/A
4 2 3 2 1
3 2 2 2 1
25 100 80 16 100
75 55 100 90 100
text for explanation.F3 Gtion of generating such a strain, one that has required some
years of sibling mating and culture that will not have to be
s of reproduction in any form reserved.
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263Sea Urchin Microsatellite Locirepeated again. (ii) For analyses of multigene families in
which there is a problem of distinguishing allelic and
nonallelic variation between genes (e.g., the SRCR family of
S. purpuratus; Pancer et al., 1999), it will obviously be to
great advantage to have available sample genomes for
library construction that are as nonpolymorphic as possible.
(iii) Little is known in detail about the embryonic lineages
that give rise to many aspects of the larval rudiment, in
which the adult body plan is formed. This becomes an issue
of increasing interest, both evolutionary and developmen-
tal. During larval growth the cell number increases from
1800 to 150,000 cells (Cameron et al., 1989) and no lineage
arker of conventional nature can be useful given this
egree of cellular amplification. A solution to this problem
ies in the construction of chimeric embryos from blas-
omeres of differing genotype, and the primer sets we
escribe provide exactly the requisite markers, in that
enotype can be determined on microscopic cellular
amples by PCR.
In a sense, what we present here can be considered a
uccessful feasibility study. While the genotype markers
nd partially homozygous animals considered in this paper
an be immediately useful, as for the above research objec-
ives, there will be many more such markers and many
urther generations of inbred S. purpuratus. It can be con-
luded that in these particular respects S. purpuratus has no
ntrinsic limits as an experimental system.
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